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Introduction {#s1}
============

When a peripheral nerve is sectioned, the axonal segment distal to the lesion site undergoes Wallerian degeneration [@pone.0109770-Waller1], [@pone.0109770-Stoll1], while the proximal segment is able to regenerate axonal sprouts that can eventually re-establish motor and sensory nerve function. However, the repair of peripheral nerve lesions, especially after the loss of a full segment of the nerve, remains a challenge in reconstructive surgery [@pone.0109770-Biazar1]. Clinical strategies to treat peripheral nerve injuries include the use of a primary suture in an end-to-end manner, the use of a biological nerve guide such as arteries, veins or muscles for small gaps and the use of nerve autografts for larger gaps [@pone.0109770-Midha1]. However, autologous nerve transplantation remains inadequate for large and complex lesions of peripheral nerves because of the limited availability of materials suitable for grafting and donor site morbidity [@pone.0109770-Campbell1].

Recent years have witnessed the development of increasingly sophisticated bioengineered nerve graft substitutes composed of synthetic or natural polymer-based nerve guides. These biodegradable nerve guides have been prepared with or without nerve growth factors or with pre-seeded Schwann cells [@pone.0109770-Nectow1], [@pone.0109770-Krick1]. The ability of the scaffold to support axonal growth and also to stimulate and direct this response is pivotal in promoting efficient nerve tissue repair [@pone.0109770-Neal1], [@pone.0109770-Wang1].

Silk is a well-known material used for centuries in the textile industry and for decades by physicians as sutures. Silk is a natural macromolecular protein polymer which is synthesized by epithelial cells of specialized glands, is then secreted into the lumen and finally is spun into fibers by several Lepidopteran larvae [@pone.0109770-Robson1]. The sericin-free silk fibroin fiber exhibited excellent biocompatibility both in vitro and in vivo [@pone.0109770-Altman1]. Over the last few years, silk fibroins (SF) have been increasingly studied for biomedical applications due to their favorable biocompatibility and controllable degradation rates, which can be tuned from hours to years based on the mode of processing. SFs have also demonstrated remarkable mechanical properties and the ability to be shaped into different material formats [@pone.0109770-Yang1].

One of the major challenges remaining in regenerative neurobiology is to design suitable biomimetic nerve guides. In order to achieve the desired functionality of the nerve that is to be replaced, the guide needs to be carefully engineered to elicit specific responses from local cells and tissues [@pone.0109770-Prez1]. Many techniques have been developed for fabricating fibrous scaffolds for use as tissue substitutes. Electrospinning has emerged a useful technique due to the ability to generate fibers similar to the scale of fibrous structures of native extracellular matrices (ECM) [@pone.0109770-Liu1]. In addition, electrospinning is a relatively simple, robust and versatile technique capable of generating fibers with diameters in the nanometric range [@pone.0109770-Ashammakhi1]. Bioactive molecules such as adhesive molecules, biomimetic peptides and growth factors have been incorporated into the fibers upon spinning to stimulate the proliferation and differentiation of seeded cells during in vitro culture [@pone.0109770-Vidal1], [@pone.0109770-Wittmer1]. Among the many growth factors found in the body, neurotrophic factors (NTFs) play a crucial role in regulating the development and function of different sets of neurons of the mammalian nervous system [@pone.0109770-Lewin1]. Nerve Growth Factor (NGF), for example, promotes neuronal survival and regeneration both in vitro and in vivo [@pone.0109770-Thoenen1]. Another neurotrophic factor, the ciliary neurotrophic factor (CNTF) produced by astrocytes and abundantly present in peripheral nerves, is localized mainly in the cytoplasm of myelinating Schwann cells and its synthesis is decreased during Wallerian degeneration [@pone.0109770-Friedman1], [@pone.0109770-Rende1]. It has also been shown that CNTF is a neuroprotective agent and has improved the remyelination of regenerated nerves [@pone.0109770-Kang1], [@pone.0109770-Lang1].

In the present study we aimed at developing new multifunctionalized silk-based material to support and promote peripheral nervous system (PNS) nerve regeneration. To emulate the preclinical development of this material, the material system was evaluated using: (i) a neurotrophic sensitive cell line, (ii) rat dorsal root ganglia primary neuronal cultures and (iii) an organotypic culture of the entire rat dorsal root ganglia. This multiscale strategy supported the demonstration of the full capacities of this new silk-based nanomaterial system, leading to the synthesis of a biological, biodegradable and bioactive 3D nerve guide for surgical implantation.

Materials and Methods {#s2}
=====================

1 Materials {#s2a}
-----------

Cocoons of the silkworm *Bombyx mori* were supplied by Tajima Shoji Co. (Yojohama, Japan). All Chemicals were supplied by Sigma-Aldrich, Inc. (St. Louis, MO, USA). Slide-a-Lyzer dialysis cassettes were purchased from Pierce, Inc. (Rockford, IL, USA). All products for cell culture were from Gibco, Life Technologies SAS, France. Growth factors, NGF and CNTF were supplied by R&D Systems, Inc. (Minneapolis, MN, USA).

2 Preparation of Silk fibroin solution {#s2b}
--------------------------------------

Silk solutions were prepared following our previous published procedures [@pone.0109770-Jin1]. In brief, *B. mori* silkworm cocoons were cut into small pieces and boiled for 30 minutes in an aqueous solution of 0.02 M Na~2~CO~3~, rinsed for 20 min three times with cold deionized (DI) water, and then allowed to dry for 48 h at room temperature. Dried silk fibroin was dissolved in 9.3 M LiBr solution at 60°C for 4 h. Silk solutions were dialyzed against DI water using Slide-a-Lyzer dialysis cassettes (membrane MWCO 3500) for 72 h to remove salts. The final concentration of the aqueous silk fibroin solution was 6--7 wt%, which was calculated by weighing the remaining solid after drying. The solution was then concentrated by dialyzing against 15% (w/v) polyethylene glycol (PEG) for 5 h to produce ∼10 wt%. Silk solutions were stored at 4°C.

3 Preparation of spinning functionalized solution {#s2c}
-------------------------------------------------

Silk fibroin solutions were mixed with 5 wt% polyethylene oxide (PEO, Mw =  900,000) in a 4∶1 ratio to produce a 9% silk/PEO solution. To functionalize the spinning solution, NGF, CNTF or both growth factors, reconstituted in PBS containing 0.1% bovine serum albumin solution, were added to the spinning solution at a concentration of 1 µg.mL^−1^ and 0.1 µg.mL^−1^, respectively.

4 Electrospinning {#s2d}
-----------------

Electrospinning was performed according to procedures described previously [@pone.0109770-Wittmer1]. In brief, silk fibroin solution (functionalized or not) was delivered through a 16G stainless-steel capillary at a constant flow rate of 0.015 mL.min^−1^ with a syringe pump (Thermo Scientific, Waltham, MA, USA). The syringe needle was set at a voltage of 12 kV with a high voltage power supply (Gamma High Voltage Research ES-30P, Ormond Beach, FL, USA) and mounted at the center of a 10 cm diameter aluminum plate. The distance between the needle and the ground collector was set to 15 cm. Aligned silk fibers on glass cover slips were produced using an oscillating ground deposition system (ODS) consisting of switching an electrical ground back and forth between two flat, zinc-plated steel plates which were used as collectors. The mechanical switch (McMaster-Carr, Inc., Atlanta, GA, USA) alternates the location of ground between two independent collectors and was maintained continuously during the electrospinning process at 0.33 Hz [@pone.0109770-Jose1]. Glass cover slips were deposited on tape to collect the electrospun silk fibroin. For 3D scaffold design, the electrospinning duration was 90 min and the collector consisted of a rotating mandrel (rotation speed: 10 m.s^−1^). All electrospun fibroin were treated by water vapor annealing for 8 h to obtain water insoluble silk mats [@pone.0109770-Hu1].

5 Nanofibers diameter and alignment {#s2e}
-----------------------------------

More than 200 Fibers were measured using an image processing software (ImageJ, MATLAB). Fiber diameters were measured from SEM images of the aligned scaffold. Straight lines were drawn along the length of the image and at each intersection of lines and electrospun fibers. The diameter and the angle of each fiber were calculated using ImageJ to define nanofiber alignment.

6 Roughness measurement {#s2f}
-----------------------

The Zygo NewView 200 is a scanning white-light interferometer that uses Frequency Domain Analysis (FDA) to generate quantitative 3D images of surfaces [@pone.0109770-DeGroot1]; measurements use a white light filter based on a center wavelength of 600 nm, with a bandwidth of 125 nm. The interference patterns were recorded by a CCD camera; each measurement contains 320 × 240 data points.

7 ELISA {#s2g}
-------

In order to prevent any release of loosely bound factors NGF and CNTF, functionalized electrospun nanofibers (n = 3) were incubated in 2 mL of sterile PBS containing 0.1% BSA at 37°C without any pre-treatment (like ethanol sterilization) and 150 µL were harvested after 1, 2, 8, 48 and 120 hours and stored at −80°C. NGF and CNTF release assays were performed with the ChemiKine Nerve Growth Factor Sandwich ELISA Kit (Millipore, France) and Raybio Rat CNTF ELISA kit (TEBU-BIO, France) respectively, according to the manufacturer\'s instructions.

8 PC12 cell culture {#s2h}
-------------------

The PC12 cell line was a generous gift from Dr Frédérique René (Faculté de medicine, Strasbourg, France). All products are from Gibco, except rat NGF from R&D systems, France. Cells were routinely cultured in RPMI 1640 medium complemented with 10% horse serum, 5% decomplemented fetal bovine serum, 2 mM L-glutamine, 100 U.mL-1 penicillin and 100 µg.mL-1 streptomycin and subcultured once a week at 25,000 cells/cm^2^ after trypsinisation, with medium changes every 2--3 days. For differentiation assays, cells were seeded at 10,000 cells/cm^2^ in differentiation medium composed of RPMI 1640 complemented with 1% horse serum, 2mM L-glutamine, 100 U.mL^−1^ penicillin and 100 µg.mL^−1^ streptomycin. The medium was renewed every 2--3 days. Cells were incubated for 7 to 11 days at 37°C in an atmosphere of 95% air and 5% CO2. For positive controls, 50 ng.mL^−1^ of rat NGF was added in differentiation medium. Statistical analysis was performed using InStat software (Software Inc., GraphPad, San Diego, CA). Values were expressed as mean ± standard deviation (mean ± SD). Neurites per cell and neurites lenght from each group were compared using nonparametric ANOVA (Kruskal-Wallis Test and Tukey post hos test). A p-value less than 0.05 was considered to be significant.

9 DRGs extraction and cells culture {#s2i}
-----------------------------------

DRG cells were obtained from young male Sprague Dawley rats (1--3 months old) euthanized with pentobarbital sodium. All procedures were carried out in compliance with the Ethical Committee and the Veterinary Authorities of France in accordance with the European Communities Council Directive of 22 September 2010 (2010/63/UE). This study was specifically approved by the Université de Technology de Compiègne ethics committee. DRGs were extracted under hood and incubated in 2.5% collagenase (Sigma) for 15 min at 37°C and pellet by centrifugation (1 min 500g). They were incubated 15 min in trypsin (Sigma) 0.5% and DNase I (Sigma) at 1 mg.mL-1 at 37°C and pellet by centrifugation (1 min 500g). After a wash with F-12 medium, DRGs were dissociated by ten passages in a fire-polished Pasteur pipette. The mean yield of cells obtained per rat was 100,000 with 90% viability. Cells were seeded at 7,500 cells per glass slide (12 mm square). For organotypic culture, DRGs were extracted from E15 rat embryos. Finally, glass slides were coated with poly-lysine/laminin before seeding, as described in Malin et al. [@pone.0109770-Malin1]. For cells and organotypic culture, medium consisted in 37°C pre-warm F-12 medium (Gibco), 10% horse serum (Gibco), 100 U.mL-1 penicillin and 100 µg.mL-1 streptomycin. Medium was changed every 3 days.

10 Scanning electron microscopy {#s2j}
-------------------------------

Samples were rinsed in PBS, fixed in 3% glutaraldehyde in Rembaum buffer (pH 7.4) [@pone.0109770-Rajaraman1] for 1 h, dehydrated in a series of graded alcohols, critical-point dried from CO~2~ (Polaron Instrument Inc., Nottingham UK), sputter-coated with gold (Polaron) and examined in a Philips ESEM-FEG XL30 environmental scanning electron microscope (ESEM).

11 Immunofluorescence imaging {#s2k}
-----------------------------

Cells and DRGs were fixed at different times post-seeding in 4% paraformaldehyde solution in PBS for 15 min and 45 min respectively at room temperature and rinsed three times with PBS. Samples were permeabilized in 0.5% Triton X-100 in PBS for 5 min at room temperature and rinsed twice with PBS before 1 h incubation at room temperature in 1% bovine serum albumin (BSA) in PBS. Rabbit primary antibody directed against βIII tubulin (Sigma-Aldrich, France) was diluted (1∶150) in PBS/BSA 0.1% (w/v) and incubated at room temperature for 1 h. The cells were washed two times with 0.1% BSA in PBS. Cy3-conjugated secondary antibody (cy3 goat anti-rabbit IgG, Jackson Immunoresearch), 40,6-diamidino-2- phenylindole (DAPI; 1 µg.mL^−1^, Sigma) and Phalloidin-X5- 505 (0.16 nmol ml^−1^, Fluoroprobes, France) were added and incubated at room temperature in the dark for 1 h. The samples were then rinsed with PBS, mounted in Mowiol and observed using a LEICA DMI 6000 microscope or a LSM 710 scanning confocal microscope which images were analyzed with 'Zen 2011' software.

12 Morphometric and statistical analysis {#s2l}
----------------------------------------

Images were analyzed using Mathworks\' Matlab software. Low signal was filtered out using a threshold based on intensity (the silk fibers and background noise present lower pixel intensities than the cell bodies and neurites). In each image, the number of cells was determined using the signal from DAPI staining. Then each neurite was isolated using the tubulin staining and its length was measured using the 'bwmorph' and 'regionprops' functions of the Matlab Image Processing Toolbox. This step was carried out by skeletinization of the neurite, and if necessary manual cropping of superfluous branches. Artifacts and signal from cellular debris were eliminated from analysis using the 'bwareaopen' function of the Matlab Image Processing Toolbox. The results were interpreted by determining the average number of neurites per cell and the average neurite length.

For the average number of neurites per cell, average neurite length and glia/neurons ratio data ± SEM from 3 independent experiments were analyzed for each condition and at least 90 cells have been analyzed per condition. Statistical analyses were performed with 'InStat' software, using the Mann-Whitney unpaired with two-tailed P test.

13 3D silk tube {#s2m}
---------------

After 90 min. of electrospinning, electrospun fibers were removed from the mandrel and rolled up at 360° about 40 times using Teflon sticks (0.3 mm diameter) in order to get a final tube of about 1.5 mm diameter (close to that of a rat sciatic nerve). Teflon sticks were removed after the water vapor annealing process. The obtained silk tube was wetted overnight at 4°C in sterile PBS and then sutured (10-0 suture FG 2850; Ethicon, Somerville, NJ) to a sciatic nerve of a Sprague-Dawley male rat (2 months old).

Results {#s3}
=======

1 Electrospinning setup and nanofiber alignment {#s3a}
-----------------------------------------------

The collector consisted of two pieces of conductive substrates which were separated by electrical tape with glass slides collecting nanofibers ([Figure 1A](#pone-0109770-g001){ref-type="fig"}). One of the key features with this technique is that it is convenient to transfer well-aligned fibers onto other solid substrates for further utility, such as glass slides for cell and organotypic culture. The electrospinning settings lead to uniaxially aligned nanofibers with an average diameter of 854 ± 87 nm ([Figure 1B and C](#pone-0109770-g001){ref-type="fig"}). Also, 99.5% of the fibers present an angle of deviation less than 5°. The duration of the electrospinning process was adjusted to obtain a low roughness of nanofibers on the glass slide with a root mean square (RMS) value of 0.036 µm and Ra of 0.007µm ([Figure 1C](#pone-0109770-g001){ref-type="fig"}).

![Fabrication and characterization of biofunctionalized and aligned silk nanofibers.\
A) Fibroin solution was mixed (or not) with NGF and CNTF and electrospun as described in [material and methods](#s2){ref-type="sec"}. B) SEM image of aligned silk nanofibers on glass slides; Alignment and mean diameter of electrospun fibers, measured as described in [material and methods](#s2){ref-type="sec"}; Scale bar: 5 µm. C) Oblique plot and surface profile of fibroin nanofibers electrospun on a glass slide.](pone.0109770.g001){#pone-0109770-g001}

2 Nanofiber functionalization and bioactivity {#s3b}
---------------------------------------------

NGF (1 µg.mL^−1^) and CNTF (0.1 µg.mL^−1^) were added to the spinning solution to functionalize nanofibres. The release of NGF and CNTF from fibroin nanofibers after electrospinning was monitored by ELISA at different time points after sample incubation in PBS. For each batch of neurotrophic factors, one group contained soluble NGF (80 pg. mL^−1^) or CNTF (400 pg. mL^−1^) as a positive control. The detected amount from these controls decreased rapidly for NGF (37% after 24h and 50.1% after 48h) and even faster for CNTF (74% after 24h and 80.5% after 48h), suggesting rapid degradation of these neurotrophic factors. NGF and CNTF release was not detected from the nanofibers over 4 days, suggesting that both growth factors were trapped, strongly adsorbed to the nanofibers or released below the detection level of the ELISA kit ([Figure 2](#pone-0109770-g002){ref-type="fig"} A and B).

![Growth factors release from electrospun functionalized silk and stability.\
A) No NGF was detected from the silk electrospun after 5 days in PBS. B) As NGF, no CNTF was detected from the electrospun. Degradation of growth factors was observed in PBS with 0.1% BSA. After 5 days, more than 50% of NGF could be detected unlike 10% for CNTF.](pone.0109770.g002){#pone-0109770-g002}

To assess the bioactivity of the immobilized NGF, PC12 cells were grown on the functionalized nanofibers. PC12 cells were provided as a gift by Dr. Frédérique René (INSERM 1121, France), cells originated from the ATCC cell bank (Manassas, VA, USA). PC12 is a cell line derived from a pheochromocytoma of the rat adrenal medulla. PC12 cells stop dividing and terminally differenciate when they are treated with NGF [@pone.0109770-TengK1]. This response makes PC12 cells a useful system for neuronal differentiation as well as a good 'biological sensor' of NGF availability in fibroin nanofibers [@pone.0109770-Lee1]. When cultivated on glass slides without NGF, the cells were round and showed an undifferentiated morphology with no cytoplasmic extensions ([Figure 3A](#pone-0109770-g003){ref-type="fig"}). The culture of PC12 cells on electrospun silk nanofibers (no growth factors) did not result in any change in morphology ([Figure 3B](#pone-0109770-g003){ref-type="fig"}), whereas neurite-like extensions were evident on the cells grown on silk nanofibers with NGF in culture medium (50 ng.mL^−1^, [Figure 3C](#pone-0109770-g003){ref-type="fig"}). These cells had an average of 3 neurites per cell with an average length of 27.7 µm, and the longest neurite about 40 µm long ([Figure 3E and F](#pone-0109770-g003){ref-type="fig"}), confirming the differentiation of PC12 cells induced by NGF. These neurite-like structures extended without any particular direction and seemed to adhere to the nanofibers. When cultured on NGF-functionalized fibroin nanofibers without any NGF in the culture medium, the cells presented neurite-like structures confined to the NGF-functionalized fibers ([Figure 3D](#pone-0109770-g003){ref-type="fig"}). These cells had an average of 1.5 neurites per cell with a mean length of 10 µm, and the longest measuring ∼13 µm. These results confirmed the biofunctionalization of silk nanofibers with NGF along with their availability and bioactivity for growing cells. Since a similar 'biological sensor' is not available for CNTF, we assumed and later confirmed with neuronal cultures, that this factor was similar to NGF in not being released but biologically active and available in/on the silk fibroin fibers.

![PC12 differentiation induced by NGF-functionalized nanofibers.\
PC12 cells grown for 8 days on: glass slide a), fibroin nanofibers b), fibroin nanofibers with NGF (50 ng. mL-1) in culture medium c) and NGF-functionalized fibroin nanofibers d); scale bar: 25µm. Number of neurites per cell e) and neurites length f). White bars: NGF in solution, grey bars: NGF-functionalized fibroin and black bars: fibroin. Quantification was performed as described in [material and methods](#s2){ref-type="sec"}. Standard deviations are shown as error bars. Significant differences (**ns**: no significance, \* p\<0,05; \*\*\* p\<0,001)](pone.0109770.g003){#pone-0109770-g003}

3 Dorsal root ganglion (DRG) cells cultured on fibroin nanofibers {#s3c}
-----------------------------------------------------------------

With the perspective of guiding peripheral nerve regeneration, the ability of the silk fibers to allow adhesion and guide the growth of primary sensory neurons from rat DRG was assessed. Cells grown for 5 days on the nanofibers displayed good adherence and neuronal morphology (round cell body and sprouting neurites, [Figure 4A](#pone-0109770-g004){ref-type="fig"}) with some cells wrapping themselves up around nanofibers (arrow, [Figure 4B](#pone-0109770-g004){ref-type="fig"}) and also establishing tight contact with nanofibers (arrow, [Figure 4C](#pone-0109770-g004){ref-type="fig"}). When cultured on unoriented nanofibers, neurons grew randomly with neurites extending in all directions ([Figure 4D](#pone-0109770-g004){ref-type="fig"}) unlike neurons seeded on the aligned nanofibers which grew in the same orientation as the fibers ([Figure 4E](#pone-0109770-g004){ref-type="fig"}). This was highlighted by the neuron growth cone morphology and orientation on aligned fibers ([Figure 4G](#pone-0109770-g004){ref-type="fig"}) in contrast to those extending on randomly-oriented nanofibers ([Figure 4F](#pone-0109770-g004){ref-type="fig"}). Fibroin nanofibers thus supported good alignment for primary sensory neurons and orientation of neuron growth.

![DRG neurons adhesion and growth on electrospun fibroin nanofibers.\
SEM observation of DRG cells adhering on nanofibers (A) and establishing tight contact (B and C). BIII tubulin staining of neurons growing on random (D) and aligned (E) nanofibers. BIII tubulin (red) and actin (green) of neuron growth cones on random (F) and aligned (G) nanofibers. Image acquisition performed after 5 days of culture. Scale bars: A 10µm, B 5µm, C 2µm, D, E, F and G 10µm. Images A, B and C have been recolored for sake of clarity.](pone.0109770.g004){#pone-0109770-g004}

4 DRG cells culture on functionalized fibroin nanofibers {#s3d}
--------------------------------------------------------

Promoting DRG cell growth using fibroin nanofibers functionalized with growth factors was then assessed. After 3 and 5 days of culture, the effect of fibroin fibers functionalized with NGF, CNTF and both of these factors were compared to non-functionalized control fibers ([Figure 5](#pone-0109770-g005){ref-type="fig"}). Five days after seeding on control fibers, neurons displayed short neurite outgrowth when compared to NGF- and NGF/CNTF- multifunctionalized fibers. In these functionalized systems an important neural tubulin staining was observed, confirming the neuron growth ([Figure 5](#pone-0109770-g005){ref-type="fig"} A, B and D). [Figure 5](#pone-0109770-g005){ref-type="fig"} e, f, g and h show a typical neuron grown for 3 days on control fibers, NGF-functionalized, CNTF-functionalized and NGF/CNTF-multifunctionalized fibers, respectively. In order to quantify the biological effects of the functionalized silk fibers, two morphological parameters were assessed: the average length of neurites and the average number of neurites per cell. A third parameter was the glial cells/neurons ratio ([Table 1](#pone-0109770-t001){ref-type="table"}). After 3 days of culture, neurons grown on control fibers had an average of 1 neurite with a mean length of 60 µm and the glial cells/neurons ratio observed was 1.22. NGF-functionalized fibers stimulated neurite outgrowth with more than a 3× increase in the mean neurite length compared to the unfunctionalized nanofibers (192.5 µm and 60.1 µm, respectively). Neither the average number of neurites per neuron nor the glial cells/neuron ratios with NGF-functionalized nanofibers were statistically different from the fibroin controls.

![Bioactivity of functionalized electrospun fibroin nanofibers on DRG neurons growth.\
DRGs cells were seeded on either unfunctionalized (A and e), NGF-functionalized (B and f), CNTF (C and g) or NGF and CNTF-functionalized nanofibers (D and h) and neurons were stained with anti BIII tubulin antibody. Fluorescence images were acquired after 5 days of culture (A, B, C and D). Higher magnification of individual growing neurons (e, f, g and h) were acquired 3 days after seeding, to prevent overlapping of neurons currently observed after a longer time in culture. For details see [material and methods](#s2){ref-type="sec"}. Scale bars: A, B, C, D: 100µm; e, f, g, h: 20 µm.](pone.0109770.g005){#pone-0109770-g005}

10.1371/journal.pone.0109770.t001

###### Quantification of nanofibers fibers bioactivity on dissociated DRGs cell culture.

![](pone.0109770.t001){#pone-0109770-t001-1}

                  Nb of neurites per neuron   Neurites length \[µm\]   Glia/neurons ratio
  -------------- --------------------------- ------------------------ --------------------
  **Fibroin**             0.97±0.3                  60.1±28.3              1.22±0.22
  **NGF**                  1.5±0.6                 192.5±80.3\*             1.42±0.4
  **CNTF**                0.72±0.6                  78.9±39.5            3.02±0.49^\#^
  **NGF/CNTF**            1.08±0.7                 124.4±45.9\*           3.20±1.2^\#^

Average number of neurites per cell, average neurites length and glia/neurons ratio after 3 days of culture on control fibroin nanofibers, NGF-, CNTF- and NGF/CNTF-functionalized nanofibers; Data ± SEM from 3 independent experiments for each condition and at least 90 neurons have been analyzed per condition. \* and \# indicate statistically significant difference from the fibroin condition for neurites length and glial cells/neuron ratio, respectively. For details see [Material and methods](#s2){ref-type="sec"}. Nb: number.

With the CNTF-functionalized nanofibers, a significant increase in glial cell/neuron ratio was observed compared to the control fibers and NGF-functionalized fibers (3.02, 1.42 and 1.22, respectively). There was also no significant stimulation of neurite outgrowth or sprouting. Cells grown on the multifunctionalized NGF/CNTF-fibers displayed greater neurite length and an increased glial cell/neurons ratio compared to the fibroin nanofibers alone (124 µm and 3.2, respectively).

5 Organotypic dorsal root ganglia culture on multifunctionalized fibroin nanofibers {#s3e}
-----------------------------------------------------------------------------------

Dorsal root ganglia contain both neurons and non-neuronal cells so the expectation was that DRG organotypic cultures would mimic the *in vivo* impact of the neurotrophic factor-functionalized nanofibers, including Schwann cell migration and axonal growth. DRGs were seeded on either unfunctionalized or multifunctionalized (NGF and CNTF) fibroin nanofibers in order to combine the neuron and glial cells stimulating effect of NGF and CNTF, respectively. Bright field observations of the ganglia showed a lack of cell growth and/or migration with the control fibers ([Figure 6A](#pone-0109770-g006){ref-type="fig"}), whereas cells grew and migrated outside the ganglion, along the fiber orientation on the multifunctionalized nanofibers over 12 days ([Figure 6C](#pone-0109770-g006){ref-type="fig"}, stars). After 3 weeks of culture, weak neurite outgrowth was achieved without growth factors ([Figure 6B](#pone-0109770-g006){ref-type="fig"}), in contrast to the mutlifunctionalized fibers where strong neural tubulin staining was found, supporting the significant neurite sprouting from the DRGs ([Figure 6D](#pone-0109770-g006){ref-type="fig"}). As mentioned above, dorsal root ganglia contain both neural and non-neuronal cells, including Schwann/glial cells. Higher magnifications of actin-stained glial cells showed nuclei aligned along the multifunctionalized nanofibers, attesting glial cell migration (arrows and stars, [Figure 6E](#pone-0109770-g006){ref-type="fig"}). The concomitant observation of both neural tubulin and glial actin staining emphasizes the importance of 'axons rays' with surrounding actin fibers ([Figure 6F](#pone-0109770-g006){ref-type="fig"}). Laser scanning confocal microscopy images highlight the fine organization of glial cells and neurons growing from the DRGs. After one month in culture the nanofibers supported aligned glial cell migration based on the actin staining and the axonal extensions moving forward above the Schwann cells bundles ([Figures 6G and H](#pone-0109770-g006){ref-type="fig"}).

![Bioactivity of multifunctionalized nanofibers in organotypic DRG culture.\
Fœtal DRG were seeded on unfunctionalized (A, B) or multifunctionalized (C--H) nanofibers. Images were acquired after 12 days (A, C) and 4 weeks (B, D--H) of culture. Fluorescence (B, D, E, F) and scanning laser confocal microscopy (G, H) images were obtained as described in [material and methods](#s2){ref-type="sec"}. DRG neural tubulin was stained with anti-BIII tubulin (red), glial cells actin was stained with phalloidin (green) and nuclei with DAPI (blue). Scale bars: A, B, C, D: 250 µm; E: 10µm and G: 50µm.](pone.0109770.g006){#pone-0109770-g006}

6 Development of a 3D multifunctionalized nanofiber-based tube {#s3f}
--------------------------------------------------------------

With the aim of producing a 3D scaffold suitable for surgical implantation in mammals, a multifunctionalized nanofiber-based tube was realized. To get close to the structure of an acellular peripheral nerve, the 2D nanofibers scaffold was rolled up using small sticks ([Figure 7A](#pone-0109770-g007){ref-type="fig"}) conferring tubular structure to the scaffold ([Figure 7B](#pone-0109770-g007){ref-type="fig"}). After removing the sticks, cross section and SEM observations depicted numerous small channels inside the tube, which also displayed well-aligned nanofibers ([Figures 7](#pone-0109770-g007){ref-type="fig"} C and D). [Figure 7E](#pone-0109770-g007){ref-type="fig"} shows the suture of a nanofiber-based tube to a rat sciatic nerve for future *in vivo* studies.

![Development of a multifunctionalized nanofiber-based tube for *in vivo* implantation.\
Fibroin scaffold is collected at the end of the electrospinning process and rolled up on teflon sticks (A), higher magnification of the designed fibroin tube (B), SEM observation of a cross section of the fibroin tube (C), higher magnification highlighting the alignment of nanofibers inside the tube (D) and nanofiber-based tube sutured to a rat sciatic nerve (E). Scale bar: 1 cm A), 1 mm B and E), 200µm C) and 30µm D). For details see [material and methods](#s2){ref-type="sec"}.](pone.0109770.g007){#pone-0109770-g007}

Discussion {#s4}
==========

The restoration of nerve pathways is a prerequisite for successful regeneration in the PNS in which glial cells play a key role during axonal regeneration [@pone.0109770-Frostick1]. Following lesion-induced Wallerian degeneration, Schwann cells start to proliferate, forming longitudinal cell strands which provide indispensable pathways for guided axonal regrowth, called bands of Bungner [@pone.0109770-Bungner1].

1 Fiber alignment and cell growth {#s4a}
---------------------------------

Aligned fibrous scaffolds are useful in replicating the supportive guidance of some molecules and help the proper rearrangement of the required cellular environment. For a specific tissue type such as peripheral nerves where axons, glia and perineurium are aligned parallel to each other, the recapitulation of this precise nerve tissue structure is the main challenge while supporting regeneration. Besides mimicking the biomechanical supporting effect of the ECM, the alignment of electrospun nanofibers in a scaffold can also guide the migration of glial cells and extension of neuronal processes [@pone.0109770-Chew1].

Brunetti *et al* [@pone.0109770-Brunetti1] showed that neurons sense nanoscale roughness and that nanorough surfaces (Ra\> 35 nm) lead to the loss of polarity and to a cytoskeleton which is not functionally organized. Thus the roughness of electrospun nanofibers (Ra =  6 nm) in our experiments is well suited for neuron adherence and growth. This is confirmed by the dissociated DRG cell growth assays in which the fibroin fibers alone promoted slight neurite extensions even in minimal medium ([Figure 4](#pone-0109770-g004){ref-type="fig"}). It has been recently observed that silk fibers are suitable substrates to also support CNS neuron growth, probably due to the mechanical properties acting as guidance cues to promote neurite elongation even in absence of selective growth factors [@pone.0109770-Wittmer1].

2 Biofunctionalization {#s4b}
----------------------

There are currently at least four methods for incorporating bioactive molecules into electrospun scaffolds: physical adsorption, covalent attachment, electrospinning with a co-axial spinneret and addition of bioactive molecules to the electrospinning solution. Covalent binding can be problematic for large molecules (MW of NGF is 27 kDa and CNTF is 23 kDa) and in order to control the final concentration of growth factors, we selected the addition of bioactive molecules to the electrospinning solution, in which growth factors are attached to the scaffold mainly through electrostatic interactions. We expected a burst release of around 20% of the factors, as is often reported from electrospun fibers [@pone.0109770-Schneider1]--[@pone.0109770-Sahoo1], but we did not detect any release in our experiments. For the NGF electrospun fibers, ionic interactions could explain the lack of release as silk is negatively charged (pI 4.3) and NGF (pI 9.3) is positively charged [@pone.0109770-Uebersax1]. Also, the molecular weight of commercially available NGF (27 kDa) and CNTF (23 kDa) may impede diffusion and also lead to immobilization of these proteins. These phenomena likely impacted the lack of release of NGF and CNTF from fibroin electrospun fibers. Xu *et al.* have shown that bovine serum albumin (BSA) or myoglobin release was influenced by the increase in hydrophilicity of electrospun fibrous polylactic-co-glycolic acid (PLGA) scaffolds [@pone.0109770-Xu1].

Moreover, ELISA results showing a lack of NGF release are in accordance with the PC12 bioassays on the NGF-functionalized fibers, displaying NGF-stimulated neurites extension which is dependent on contact between nanofibers and the PC12 cells. We hypothesize that tight contacts between neurons and nanofibers observed with SEM reflect potential areas allowing growth factor uptake by neurons. Therefore, multifunctionalization of electrospun silk fibers represents an advantage compared to the local application of growth factors as it protected the factors from rapid degradation and prevented uncontrolled release.

3 Bioactivity and complementary effect of growth factors {#s4c}
--------------------------------------------------------

This set of experiments allowed the determination of individual roles of the two growth factors as well as their synergy in terms of neural responses.

Soluble NGF plays a significant role in establishing the architecture of the peripheral nervous system during development, as well as in regeneration following axon injury, but it was only reported twice that immobilized NGF may also be bioavailable and bioactive [@pone.0109770-Lee1], [@pone.0109770-Sandrock1]. In our setup, the NGF "on demand" availability is key for adequate neuron growth from the perspective of nerve regeneration, as it is known that the dose and duration of NGF administration can determine the extent of recovery and response following peripheral nerve injury [@pone.0109770-Kemp1].

The observation in the present study that glial cell migration and stimulation with CNTF-containing nanofibers is of particular interest since Schwann cells produce a large repertoire of biochemical factors known to support axon regeneration [@pone.0109770-Pfister1]. Despite survival-promoting effects, the role of CNTF in normal adult neuronal trophic support remains unresolved and it has been speculated that CNTF may act as an "injury factor", being released by glial cells in response to an injury [@pone.0109770-Adler1]. Accordingly, following nerve injury, CNTF protein expression is more highly correlated with the reinnervation activity of Schwann cells than the S100 protein, and CNTF knockout mice have impaired ability to recover from a sciatic nerve crush injury [@pone.0109770-Hiruma1], [@pone.0109770-Yao1]. Moreover, it has recently been shown that CNTF acts as a chemo attractant and participates in the recruitment of endogenous progenitors during myelin repair in the central nervous system of rodents [@pone.0109770-Vernerey1]. The putative role of CNTF in peripheral nerve regeneration has been emphasized by the study of Xu *et al.* in which CNTF was delivered by focal injection in a gap-silicone chamber following sciatic nerve sectioning [@pone.0109770-Xu2]. The results suggested that CNTF promoted axon regeneration through Schwann cell migration and monocyte infiltration [@pone.0109770-Kemp1].

Numerous studies have shown that Schwann cells play an important part in biomaterial-guided peripheral nerve regeneration, albeit always seeded inside scaffolds [@pone.0109770-Guenard1]--[@pone.0109770-Berrocal1].

It has also been shown that Schwann cells can migrate along longitudinal channels in a scaffold, but they were seeded before the whole DRGs were [@pone.0109770-Bozkurt1]. Keilhoff *et al.* also demonstrated that implanted SC adhered, survived in a collagen type I/III nerve conduit and had formed nerve-guiding columns of Büngner [@pone.0109770-Keilhoff1].

It is thus clear that both viable Schwann cells and structural parameters are prerequisites for successful axonal regrowth and nerve regeneration, but contrary to previously cited cell-based strategies, the present multifunctionalized nanofibers avoided the need for pre-seeding cells, which should be an advantage for surgical applications.

Furthermore, the growth rate of regenerating axons in vivo [@pone.0109770-AlMajed1] and the slow and tunable degradation rate of silk-based scaffolds [@pone.0109770-Wang2] make our nanofiber-based tube specifically relevant for peripheral nerve guided regeneration [@pone.0109770-Tang1].

The design of this multifunctionalized nanofiber-based tube presenting multichannels provides a biomimetic organization similar to the perineurium and epineurium of peripheral nerves. This structure is easily handled by surgeons and can be sutured to the nerve. Altogether our material should create a favorable microenvironment combining a physical scaffold together with specific regenerative biochemical cues allowing peripheral nerve reconstruction.

Conclusion {#s5}
==========

There are many obstacles that prevent successful nerve regeneration after injury in the peripheral nerve environment. One problematic area that needs to be further explored is how to appropriately combine the effects of multiple trophic factors in a complementary manner using biofunctionalized electrospun materials. The present results demonstrate the possibility to simulate neurite outgrowth with a system that combines growth support, directionality, guided glial cell migration and neurotrophic stimulation with a multifunctional biomaterial. Further studies will focus on the evaluation of these new materials in an *in vivo* model of sciatic nerve regeneration.
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